. Functional overlap between the of cysteine residues in vitro, but to regain activity when two pathways is indicated by the finding that, in the exposed to the disulfide reductant thioredoxin. Howabsence of only one of the pathways, strains can survive ever, such reports may often be based on the fact that and grow reasonably well. Nevertheless, the oxidizing the proteins studied usually exist in the reducing enviconditions in the cytosol of such strains allows for the ronment of the cytosol; the oxidative inactivation obformation of disulfide bonds in some proteins. This disulserved may simply reflect the unnatural oxidizing condifide bond-forming activity can be monitored by expresstions of the in vitro system and not reflect the in vivo ing in the cytosol a normally exported protein, such as state of affairs. alkaline phosphatase, which requires disulfide bonds for Thus, while it is not clear that loss of function by its enzymatic activity. Although it has yet to be directly disulfide bond formation has been established as a regudemonstrated, it seems likely that unwanted disulfide latory mechanism, recent results suggest that the rebonds are also generated in the normal resident proteins verse process, gain of function by disulfide bond formaof the cytosol during oxidative stress-a situation we tion, may be a common way of responding to cellular refer to as "disulfide stress." stress. The utilization of improved techniques for asBacteria encounter oxidative stresses in environsessing the disulfide-bonded states of proteins in vivo ments with high levels of hydrogen peroxide or other has allowed a reexamination of the role of these bonds in reactive oxygen species. One example of such stress regulating protein activity. These studies provide strong occurs when pathogenic bacteria confront oxidative evidence that two bacterial proteins, the transcription bursts upon invasion of eukaryotic host cells. These factor OxyR and the chaperone heat shock protein 33 encounters, in addition to damaging other cellular mole-(Hsp33), are activated by the oxidation of cysteine resicules, may also cause the introduction of deleterious dues to disulfide bonds (Zheng et al., 1998; Jakob et al., disulfide bonds into proteins. Furthermore, studies us-1999). These findings and the approaches used should ing cytosolic alkaline phosphatase suggest that E. coli provide impetus to a search for what is likely to be in the stationary phase is subject to disulfide stress a more widespread occurrence of this mechanism for (Dukan and Nyströ m, 1998). regulating protein activity.
relying on both in vivo and in vitro experiments, provided by oxidative stress (Jakob et al., 1999). In this case, the altered protein is the chaperone Hsp33. This activation the first well-established example of stress response activation by disulfide bond formation. Hydrogen peroxof a chaperone may have evolved as a response to the effects of hydrogen peroxide, which oxidizes some ide can act directly on OxyR, generating a reactive oxidized derivative of a cysteine within the protein, which proteins to inactive, less stable forms that are prone to aggregation. Since these effects are similar to those then can form a disulfide bond. Alternatively, OxyR can be activated by disulfide bond formation resulting from seen under conditions of heat shock, it is perhaps not surprising that there is considerable overlap in the celluthe altered redox state of the cytosol. This is shown by the finding that activation of OxyR takes place in E. lar responses to oxidative stress and heat shock. Hsp33 is one of the proteins induced under both conditions. coli mutants lacking components of the thioredoxin and glutaredoxin pathways. This activation is independent This chaperone is important for protection against oxidative stress and may be important for keeping oxidized of exposure to hydrogen peroxide.
The active form of OxyR not only triggers the expresproteins soluble, allowing them to either be reduced and regenerated, or be degraded by cellular proteases. sion of peroxidases that remove the oxidant, but also increases the expression of disulfide reductants such Under normal, unstressed conditions, the critical cysteines of Hsp33 serve as ligands for an associated zinc as glutathione reductase and glutaredoxin. Enhanced expression of these cytosolic redox components serves atom (Jakob et al., 1999). Upon exposure to oxidative stress, the cysteines are oxidized to disulfide bonds. It is to regenerate the overall reducing conditions of the cell and to deactivate OxyR by reducing its disulfide bond.
only the oxidized form of Hsp33 that exhibits chaperone activity. As with OxyR (Å slund et al., 1999), demonstraSimilarly, gram-positive organisms of the actinomycetes group are able to respond to exposure to the tion of the physiological significance of this oxidation step was achieved in vivo by the trapping of the active disulfide-generating oxidant diamide by elevating the expression of thioredoxin and thioredoxin reductase. The overall function of the cellular disulfide reducing
